Residues from animal husbandry are one of the major greenhouse gas (GHG) emission sources in agriculture. The production of biogas from agricultural residues can reduce GHG emissions through an improved handling of the material streams such as manure storage. Additionally, biogas can substitute fossil energy carriers in the provision of heat, power, and transport fuels. The aim of this work is to estimate the manure potential for biogas production in Germany under the consideration of the farm size of livestock production. In Germany, cattle and pig farming is of major relevance with more than 130,000 farms throughout the country. To unlock the biogas potential of manure, the low energy density of manure, depending on the dry matter content, needs to be considered, meaning that biogas installations need to be built close to the manure production on the farm site. This not only results in a high number of biogas plants, but also due to the wide range of farm sizes in Germany, a huge number of very small biogas plants. Small biogas installations have higher specific investment costs. Together with the relatively low methane yields from manure, costs for power generation would be very high. Co-substrates with higher methane yield can lower the costs for biogas. Thus, the use of a co-substrate could help to use small manure potentials. Biogas plants with the necessary minimum size of 50 kW el installed power could be established at farms representing 12% of all cattle and 16.5% of all pigs respectively in Germany. Using excrement from pigs, farms representing 16.5% of the total amount of pigs could establish a biogas plant. The use of manure in combination with energy crops can increase the size of biogas plants on a farm site significantly. At cattle farms, the share would increase to 31.1% with 40% co-substrate and to 40.8% with 60% co-substrate. At pig farms, the share would increase to 36% if co-substrates were used.
Introduction
The reduction of greenhouse gas (GHG) emissions from anthropogenic activities is one of the major challenges for society in terms of sustainable development on a global level [1] . In 2012, the consumption of fossil fuels for energy provision was responsible for three quarters of worldwide GHG emissions, and 83% of GHG emissions in Germany [2, 3] . Agriculture and animal husbandry is another main emitter [4, 5] . The use of excrements from animal husbandry for biogas production can reduce GHG emissions [6] . To achieve the envisaged reduction target of GHG emissions of 80% by 2050, a transition of the energy system towards a greater use of renewable energy is one central element [7] . Activities to introduce energy production from renewables have been initiated in many countries. In Germany, a target has been set to cover 40%-45% of the overall power demand with renewables by 2025 [8] .
Methodology and Data
To calculate the biogas production potential of manure at the farm level, we (1) identified and classified the most relevant animal husbandry systems for Germany in terms of their manure/dung quality, (2) calculated the farm-specific manure production for the classified systems with its related biogas potential, (3) assumed the investment costs for the different plant capacities for typical biogas plant concepts for manure, and (4) conducted different feedstock scenarios taking into account a threshold value of the minimum capacity of the biogas plants. Since the remuneration is determined by the Renewable Energy Sources Act, biogas plants cannot produce any expensive electricity. The threshold value is therefore defined as the minimum size of biogas plants economical feasible with the remuneration by the Renewable Energy Sources Act [18] .
Identifying Relevant Livestock Systems
To evaluate the biogas potential of excrement from animal husbandry for Germany, the livestock species cattle, and pigs were considered.
Sheep, goats, and horses are mostly kept free-range, meaning that excrement cannot be collected. Since 2009, the cage production of poultry is no longer allowed in Germany, except for those farms with cage production, which were built before 2009 [19] . For the above types of animal husbandry, it is difficult to collect the excrement in a usable form for the purposes of energy production. Therefore, the livestock species of sheep, goats, horses, and poultry are not considered in this potential analysis.
Based on the survey results among biogas plant operators, conducted by the Germany Biomass Research Center, the most important feedstock could be determined. With 62% cattle, slurry is the most widely used form of manure for energy production, followed by pig slurry with a share of 14%. All other types of manure have minor shares and are therefore less important for biogas production [20] .
The annual amount of manure or dung depends on the type of animal husbandry. The main types can be divided into straw-bedded animal husbandry and animal husbandry on slatted floors. The straw-bedded animal husbandry in loose housing stables mainly produces dung, based on straw, manure, and urine. The liquid phase (slurry) has a very low dry matter content [14] . Therefore it has also a low energy density [12, 21] . Meanwhile, the range of liquid manure from cattle varies from 4% to 13% and, from pigs, from 1.5%-12% dry matter content. Slurry has just 2% maximum dry matter content (see Table 1 ). Therefore, it is irrelevant for biogas production and not considered in the following calculations. Table 1 . Range of dry matter content in different types of excrements [15, [22] [23] [24] . In barns with slatted floors, manure, and urine drop down into a pit below the floor where the liquid manure is collected.
Type of Excrement Dry Matter Content in%

Data on Livestock
Data on livestock breeding is published by the federal statistical office for Germany. The data comes from the agricultural census in 2010. The statistics provide livestock species, farm size categories in terms of the number of animals per farm, and types of husbandry (i.e., manure or dung producing).
Seven farm size classes are considered for the different livestock breeding systems [25] . For our calculations, we use the average farm size and neglect the variation within the size classes. For the different breeding systems, we also consider: data for cattle, which is differentiated into dairy cattle and all other cattle, and data for pigs, with piglets and all other pigs.
For cattle classed under other types of husbandry other than tethering of cattle and loose housing stables, it is assumed that these cattle are kept free-range, and they are not considered for the potential calculation.
For pigs classed under other types of husbandry, it is assumed that the main type of excrement is dung, as free-range husbandry for pigs is uncommon.
Data on Manure and Dung
Data on the annual quantity of manure and dung is provided by the Association for Technology and Structures in Agriculture (KTBL). KTBL provides the parameters of costs, time, and amounts for all the relevant parts of agriculture including different types of livestock and forms of livestock farming.
The annual quantity is given in m 3 /yr per animal (see Table 2 ). By providing data per animal, different production cycles for different livestock species are taken into account. The amount of excrement is differentiated into manure and dung, depending on the form of livestock farming on slatted floors or in loose housing stables. As the statistics are not differentiated into younger pigs and fattened pigs, an average of 1.1 m 3 of liquid manure per year and animal on slatted floors and 0.85 m 3 of dung on solid floors is assumed [26, 27] .
For cattle, it is assumed that the breeding types "tethering of cattle on slatted floors" and "loose housing stables with slatted floors" produce the same amount of manure.
Data for Methane Yields
Potential methane yields from manure compared to usual biogas substrates are shown in Table 3 in m 3 of methane per ton of fresh matter of substrate. The values given are an average. In fact, in reality the values have a broader bandwidth for the methane yield, depending on the dry matter content, the water content, the composition of substrates, and other factors. Data on methane yields for the different types of biogas substrates are given in the annex of the Ordinance on the Generation of Electricity from Biomass [28] . Due to the lack of opportunity to determine the methane yield for each substrate, biogas plant operators in Germany are obliged to use the values provided to receive the remuneration for electricity production. 
Biogas Potential Calculation
The amount of installable electrical power from a biogas (combined heat and power) plant (chp) was calculated for each type of livestock, farm class, and husbandry system.
In addition, two different scenarios were calculated with 40% and 60% of maize silage in relation to the amount of produced dung or manure.
The possible installable rated power in kW el per livestock is calculated based on P n , the net calorific value of methane, an average electrical efficiency of 37%, and 8760 full load hours. The conversion factor for MJ to kWh is 0.277 (see all parameters in Table 4 ). Depending on the scenario, 40% or 60% of Co-substrate maize silage, depending on the mass of manure or dung First, the average biogas potential per farm site was calculated by dividing the number of animals per farm class and husbandry system. Then, it is multiplied with the manure or dung per animal place and with the density of the excrements. This is then multiplied with the specific methane yield of the substrate, which is multiplied with net calorific value, a conversion factor, and the average of electrical efficiency of small combined heat and power plants.
(1) In the next step, the amount of manure or dung and its methane potential was calculated divided by the maximum full load hours per year and divided by the number of animal placesFor the scenarios with co-substrate, the calculation was complemented with calculations for the co-substrate depending on the mass of excrement produced per livestock, the number of animals, the farm class, and the husbandry system (2). The potential for the installable electrical power of manure or dung for biogas per farm class is obtained as:
The potential for the installable electrical power of manure or dung and the co-substrate for biogas per farm class are obtained as:
Assumed Investment Costs for Biogas Concepts
Biogas plants operated by agricultural feedstock, including manure, other residues, and energy crops typically consist of a fermentation reactor, a gas storage unit, and the energy provision step and peripheral equipment. The main process technology applied is the continuous stirred tank reactor system. The substrate is usually fed into the digesters by means of pumps (for liquid substrates), feeding systems for solid matter (e.g., energy crops), or mixing tanks. The insulated digesters that are mainly operated at mesophilic temperatures have rubber domes for gas collection. Due to German regulations, the retention times are more than 100 days in most cases, with the resulting overall organic loading rates being respectively low. Gas cleaning (i.e., desulphurization) and safety installations (i.e., excess gas burners) are required in addition. The gas produced is collected in rubber domes (one and two layer systems) on top of the digesters and converted on site at the biogas plant into power, fed into the grid, the produced heat is used to supply some heat demand close to the plant [30] . The capacity of a biogas plant is typically given as "installed capacity of the power provision unit (kW el )." In sum, there is a reasonable technical effort behind the conversion of manure into energy so that economies of scale are a relevant issue for the feasibility of biogas concepts for manure processing. Past experiences from Germany have placed average investment costs of 3500 EUR/kW for a 1000 kW el biogas plant and up to 9000 EUR/kW el for a 50-75 kW el biogas plant [18, 31] . The degression of costs as a function of the installed electrical capacity is shown in Figure 1 . This cost function led to the assumption that biogas plants at farm scale should not fall below a minimum capacity of 50 kW el .
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Considering Different Scenarios
The relatively small potential of manure can be supplemented with other renewable raw materials such as maize silage. By using additional substrates for the fermentation process, the required capacity for biogas plants at a farm site can change dramatically. We calculated mixed biogas systems using manure and so-called co-substrates in three scenarios: without co-substrate, with 40%, and with 60% maize silage as a co-substrate. 
The relatively small potential of manure can be supplemented with other renewable raw materials such as maize silage. By using additional substrates for the fermentation process, the required capacity for biogas plants at a farm site can change dramatically. We calculated mixed biogas systems using manure and so-called co-substrates in three scenarios: without co-substrate, with 40%, and with 60% maize silage as a co-substrate.
Results and Discussion
The biogas potential is distributed over more than 100,000 farms with very different livestock sizes for cattle and pigs:
‚
For the evaluation of biogas potential in farms with cattle, 95.8% of the livestock was considered. The remaining 4.2% do not have any biogas potential due to their type of livestock breeding without collectable excrement. Around 130,000 farms in total breed cattle in Germany with a total number of 12.37 million cattle. The number of cattle per farm ranges from 1 to 9 individuals to more than 500 cows per farm. The largest share of cattle is bred on medium-to small-sized farms with 200 to 499 cows per farm. Large farms with more than 500 cows, representing 2% of all farms with cattle have a share of 17% of the total number of cattle [25] .
‚ For the evaluation of the manure and dung potential from pigs, 100% of the livestock were considered. Pigs are bred on 68,000 farms in Germany, totaling 28.7 million pigs. The range of farm sizes varies from small farms with up to 49 pigs to farms with more than 5,000 pigs. The majority of pigs are reared on farms with 1000 to 1999 pigs. Similar to the cattle farms, the largest pig farms have, in relation to the number of pigs that they breed, a relatively large share of the pig population, accounting for 16% [25] .
The calculation of the related biogas plant capacity for different farm classes is given in Table 5 . It indicates the average biogas capacity for the class while discarding the farm size distribution within the classes. Nevertheless, the information provides robust results about the required biogas size categories. The results range from 1 to 400 kW el . The distribution is given in Figure 2 for cattle and in without collectable excrement. Around 130,000 farms in total breed cattle in Germany with a total number of 12.37 million cattle. The number of cattle per farm ranges from 1 to 9 individuals to more than 500 cows per farm. The largest share of cattle is bred on medium-to small-sized farms with 200 to 499 cows per farm. Large farms with more than 500 cows, representing 2% of all farms with cattle have a share of 17% of the total number of cattle [25] .
• For the evaluation of the manure and dung potential from pigs, 100% of the livestock were considered. Pigs are bred on 68,000 farms in Germany, totaling 28.7 million pigs. The range of farm sizes varies from small farms with up to 49 pigs to farms with more than 5,000 pigs. The majority of pigs are reared on farms with 1000 to 1999 pigs. Similar to the cattle farms, the largest pig farms have, in relation to the number of pigs that they breed, a relatively large share of the pig population, accounting for 16% [25] .
The calculation of the related biogas plant capacity for different farm classes is given in Table 5 . It indicates the average biogas capacity for the class while discarding the farm size distribution within the classes. Nevertheless, the information provides robust results about the required biogas size categories. The results range from 1 to 400 kWel. The distribution is given in Figure 2 for cattle and in Figure 3 for pigs. The figures show the total amount of cattle and pigs as percentage and the installable electrical capacity. Based on cattle manure, 7.2% of the livestock could provide feedstock for more than 100 kW el for biogas production alone, whereas additional farms with 4.8% of the livestock could install between 75 and 100 kW el . A biogas power plant with at least 50 kW el could be installed at farms with 12% of all cattle with manure and dung only. With the use of 40% maize silage, the share increases to 31.1%. If 60% maize silage is used, the share of livestock increases to 40.8% (see Figure 2) . For 3.1% of the livestock of pigs, a biogas power plant with at least 100 kW el could be installed, by using only manure or dung as a substrate.
Assuming an installed electrical capacity with a minimum of 50 kW el , farms with 16.5% of the pig livestock could install a biogas plant. With an increasing share of maize silage as a co-substrate, the share of the livestock would increase to 35.9% (40%-60% maize silage). 
Conclusions
The biogas production potential of manure is significant with 90 PJ/yr but spread over a large number of farms. By contrast, the individual potential at the farm site is comparably low in many cases. Our calculations clearly indicate that the farm size is the limiting factor for manure or dung processing to biogas. Due to the fact that manure has a very high percentage of water and therefore cannot be transported, biogas facilities for manure processing are always comparably small units that are individually located on farm sites. They are characterized by comparably high investment costs, which bring, however, a double-saving GHG effect as a result of (1) avoided emissions from manure storage and (2) avoided emissions through bioenergy provision as a substitute for fossil fuels. However, if we assume small and cost-intensive plants based on the available technology down to an installed capacity of 50 kW el , we see a clear limitation due to farm structure, meaning that only a small proportion of the potential can be tapped into, equating to around 12% of the manure potential for cattle and 16.5% of the manure potential for pigs. To unlock the remaining potential, different strategies have to be taken into consideration.
The co-fermentation of manure and dung with energy crops, for example, can reduce this limitation and release more manure for biogas production. This option was investigated here and showed a considerable effect: With co-fermentation (40%-60% maize silage), the share of excrement, which can be converted into biogas in plants with a capacity of more than 50 kW increases to 31% or to 41% of cattle, respectively. For pigs, it also more than doubles with 36% of pigs. Even if this increase is rather impressive, there is still a huge amount of biomass that cannot be tapped into by this kind of co-fermentation.
Additional strategies could include management or technical adaptations, i.e., a co-operation of farms could also increase the manure availability at a single plant (the potential of this measure strongly depends on local conditions; therefore, an assessment of the overall effect of this option cannot be carried out with the approach that we developed). In the long term, technology adaptations could be an option, for example by additionally pretreating the manure to convert it into an intermediate with a higher energy density, making transportation more feasible.
Our calculations clearly show a need for action to reduce the GHG emissions from livestock farming in Germany and the need to think about different strategies to unlock the potential of efficiently producing biogas of manure.
